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We report a new Ni/Pt/Au trilayer metallization scheme for the formation of ohmic contact to p-GaN. Metal thin films with a thickness of 20 nm for Ni, 30 nm for Pt, and 80 nm for Au were deposited on the p-GaN layer (N a ϭ9.4ϫ10 16 cm
Ϫ3
) by electron beam evaporation. The samples, annealed at 500°C for 30 s in a rapid thermal anneal system, showed a high quality ohmic contact with a low specific contact resistance of 2.1ϫ10 Ϫ2 ⍀ cm 2 . Auger electron spectroscopy analysis of the contact layers suggests that Pt plays an important role in the formation of ohmic contact, indicating that a Ni/Pt/Au trilayer can be used and that it is a promising material system for ohmic contact to p-GaN. © 1998 American Vacuum Society. ͓S0734-211X͑98͒00606-4͔
GaN has been extensively studied in the past few years for applications in short wavelength optical devices and high power/temperature devices. The applications include visible light emitting diodes ͑LEDs͒, laser diodes ͑LDs͒, high electron mobility transistors ͑HEMTs͒, metal-semiconductor field effect transistors ͑MESFETs͒, and ultraviolet ͑UV͒ detectors.
1-5 A high quality ohmic contact is very important in such device applications since it plays a crucial role in device performance. For ohmic contacts to n-type GaN, Tibased metallization schemes such as Ti/Al, 6, 7 Ti/Au, 7 and Ti/Al/Ni/Au ͑Ref. 8͒ have been studied extensively. In those schemes, TiN was found to form at the interface when Ti reacted with GaN. The formation of the TiN is believed to produce nitrogen vacancies in the GaN layer, which then leads to a heavily doped n-GaN material near the interface of the GaN layer. The good ohmic contact to n-GaN using Ti-based alloys was attributed to a tunneling process. 9 The specific contact resistance obtained by these metallization schemes showed low values in the range of 10
-10 Ϫ8 ⍀ cm 2 . Only a few studies, however, have been reported for ohmic contacts on p-GaN, even though a high ohmic contact resistance to p-GaN has been considered as one of the major obstacles for the realization of GaN-based optical devices. To obtain a low ohmic contact resistance, a Ni/Au contact scheme was proposed for p-GaN ohmic contacts. 10 Trexler et al. used Ni/Au, Cr/Au, and Pd/Au metallization schemes for p-GaN (N a ϭ9.8ϫ10 16 cm Ϫ3 ) ohmic contacts. 11 In their study, Ni/Au and Pd/Au showed a rectifying characteristic irrespective of the thermal annealing treatment. Only the Cr/Au contact showed an ohmic property when the system was annealed at 900°C for 15 s and the specific contact resistance was 4.3ϫ10 Ϫ1 ⍀ cm 2 . In this communication, we report a new Ni/Pt/Au metallization scheme to achieve a low resistance ohmic contact on moderately doped p-GaN:Mg. The specific contact resistance was determined using a circular-transmission line model ͑c-TLM͒ 12 as a function of annealing temperature and annealing time. The c-TLM method obviates the need of the fabrication of a mesa structure by implantation or etching. The measured total resistance R T between contacts for the circular model configuration can be expressed as
where R S is the sheet resistance of the material, R 1 is the outer circular dot radius, L T is the transfer length, and d is the gap spacing between contacts. p-GaN films were grown by metalorganic chemical vapor deposition ͑MOCVD͒. A 0.5 m thick p-GaN:Mg layer was grown on 2.5 m unintentionally doped GaN on a ͑0001͒ sapphire substrate with a 50 nm AlN buffer layer. The doping concentration in the p-GaN films measured by Hall measurement was 9.4ϫ10 16 cm
. Prior to lithography, the samples were ultrasonically degreased with trichloroethylene, acetone, methanol, and deionized water ͑DI͒ for 5 min in each step. They were then patterned by a standard photolithographic technique. The inner dot radius was 105 m and the spacings between circular dots were 3, 4, 6, 12, 13, 16, and 21 m. Prior to metal deposition, a buffered oxide etchant ͑BOE͒ was used to remove the native oxide layer on the p-GaN. The metallization patterns were defined using lift-off techniques. The samples were then rinsed in DI water, blown dry by N 2 , and immediately transferred into an a͒ electron-beam evaporation chamber. The thicknesses of the metal layers were 20 nm for Ni, 30 nm for Pt, and 80 nm for Au. The samples were rapid thermal annealed under an Ar atmosphere at temperatures in the range of 350-850°C to achieve a good ohmic contact. Current-voltage (I -V) data were measured with an HP4155A and specific contact resistances were calculated by the c-TLM method. Figure 1 shows an I -V characteristic of a Ni/Pt/Au contact on p-GaN. The I -V data were obtained by measuring the voltage across the circular contacts with a parameter analyzer with injecting currents up to Ϯ100 A. The asdeposited Ni/Pt/Au contact on p-GaN exhibited a near rectifying I -V characteristic, which was probably due to the formation of a Schottky contact. However, the metal contact annealed at 500°C for 30 s showed linear behavior and the corresponding specific contact resistance was calculated to be 2.1ϫ10 Ϫ2 ⍀ cm 2 . To our knowledge, this is the lowest value that has been reported to date for p-GaN, since the GaN layer used in our experiment has a very high sheet resistance (ϳ1ϫ10 6 ⍀/sq) and a low doping concentration (N a ϭ9.4ϫ10 16 cm
). When the contacts were annealed above 600°C, the linear I -V characteristic was degraded probably due to compensation at the interface, as shown in Fig. 1 .
One of the important issues for ohmic contacts is control of surface morphology. Scanning electron microscope ͑SEM͒ images showed that the surface morphology of the samples annealed at 500°C for 30 s was very smooth. However, the surface of the sample which was annealed above 600°C was very rough and this was attributed to a ''balling up'' effect which has been widely observed in metallization processes. The relationship between the annealing time and the specific contact resistance was further investigated and the results obtained at an annealing temperature of 500°C are shown in Fig. 2 . As the annealing time increased, the specific contact resistance gradually decreased, reached a minimum at 30 s, and then increased. However, the surface morphology was not significantly changed by annealing time.
Interfacial diffusion of elements at the interface between the metal layers and the GaN was investigated by Auger electron spectroscopy ͑AES͒. Figure 3 shows AES depth profiles for the Ni/Pt/Au metal layers on p-GaN, which were annealed as a function of annealing temperature. Interdiffusion of elements between the Ni/Pt/Au and the GaN layers was not observed at either room temperature or 350°C, as shown in Figs. 3͑a͒ and 3͑b͒. However, Fig. 3͑c͒ for the sample annealed at 500°C for 30 s cleaning shows that Ni diffused into the Pt layers, being intermixed with Pt. Figure  3͑c͒ shows that Pt diffused into Ni and that the GaN layer and a small amount of Ga diffused into the Ni layer, but there is no obvious evidence of outdiffusion of nitrogen into the metal film. This result indicates that the Pt in the GaN probably prevents the formation of nitrogen vacancies, which are detrimental to p-type contact performance. 11 Figure 3͑d͒ shows that Ni and Pt heavily diffuse to the surface of the Au capping layer and also into the GaN layer at a temperature of 700°C, resulting in a complete mixing of Ni and Pt. Ga and N are also diffused into the Au layer through the Ni/Pt layer, indicating that the GaN is heavily dissociated at this high temperature. This result is consistent with that of Trexler et al. who investigated a Ni/Au scheme for p-GaN and showed that the GaN started to be dissociated by Ni above 600°C. 11 Foresi and Moustakas, 6 investigating metal contacts on GaN using Al and Au metallization schemes, showed that ohmic contacts to GaN could be predicted by considering contact metals with proper work functions, since GaN did not suffer from Fermi level pinning. [13] [14] [15] Ishikawa et al., 13 investigating ohmic contacts on p-GaN using metal schemes such as Pt, Ni, Pd, Au, Cu, Ti, Al, Ta, and Ni/Au, showed that the contact resistance to p-GaN decreased exponentially as the work function increased, implying the lack of Fermi level pinning in GaN. Therefore, the formation of the low specific contact resistance obtained in the present work can be related to the high work function of Pt in contact with the p-GaN layer. Another possible explanation for our low specific contact resistance might be associated with the role of Pt. As shown in Fig. 3͑c͒ , Pt diffused into the GaN layer. The Pt that diffused into Ga vacancies created by the outdiffused Ga may act as an acceptor, resulting in an increase in the pdoping concentration at the interface. Thus, Pt instead of Ni may act as a diffusion barrier against nitrogen and may play an important part in increasing the carrier concentration and hence the formation of ohmic contacts.
In summary, a new Ni/Pt/Au contact scheme on moderately doped p-GaN was investigated. A good ohmic contact with a specific contact resistance of 2.1ϫ10 Ϫ2 ⍀ cm 2 was obtained when the sample was annealed at 500°C for 30 s. The results show that Pt plays an important role in the formation of an ohmic contact on the p-GaN either by acting as an acceptor or, more likely, due to its high work function.
